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any currently accepted models for planetary formation and differentiation were born out of the pioneering Apollo and Luna missions of the 1960s and 70s. Rocks from these missions, as shown in figure 1, have yielded some of the oldest dated material in the solar system, with ages typically ranging from ~4.5 to ~3 Ga (Snyder et al. 2000 , Borg et al. 1999 , Nyquist et al. 2014 . In effect, the Moon preserves a near continuous geological record of planetary evolution that is no longer accessible on more active planets such as the Earth, Venus or Mars. It represents an important "type locality" for investigating fundamentals of planetary formation such as the formation of primary crusts, i.e. the crust that forms as a consequence of the initial differentiation of planetary bodies (Taylor & McLennan 2009 ). Apollo-era paradigms on this topic have been widely applied to all the terrestrial bodies (NRC 2007) and form the basis of planetary formation models today (Elkins-Tanton 2008) . However, many of these paradigms were based on samples and geophysical measurements from a geographically limited area of the Moon.
Here, we summarize lunar crustal formation models based on recent investigations, all of which build upon and challenge the Apollo-era models. These studies highlight that much is still to be learnt from the Moon. They also show that our understanding of lunar differentiation provides an important contextual framework for observations from other rocky bodies in the solar system. This is particularly pertinent for current and future missions to bodies about which we know comparatively less, such as Dawn and the MESSENGER and BepiColumbo missions.
Lunar geology
The Moon that we see is dominated by two units with different albedo: the white unit -highlands -which has been scarred by ancient impact events, and the dark unitlava "mare" flows -that often infills these huge circular basins (figure 2). However, remote-sensing observations of the lunar surface have significantly advanced our understanding of the Moon's geological complexity, highlighting that the areas visited by the Apollo and Luna missions are not chemically representative of the whole Moon. Based on remote-sensing datasets, the Moon can be broadly sub divided into three major geochemical provinces (terranes, see figure 3) (Jolliff et al. 2000) . The Procellarum KREEP Terrane (PKT) is is a region of the lunar nearside dominated by young (<3.8 Ga) lava flows, rich in incompatible trace-elements (ITE), such as potassium (K), the rare Earth elements (REE) and phosphorus (P), producing the acronym KREEP. The second major terrane is the South Pole-Aitken basin (SPA), the Moon's largest impact basin (~2500 km in diameter), on the far side. This basin is thought to have exposed lower crustal and possibly even mantle lithologies not found elsewhere on the lunar surface. The Farside Highlands Terrane (FHT) is the third and probably oldest crustal region, encompassing areas of the Moon outside the PKT and the SPA.
Apollo perspectives
The Apollo 11 mission touched down in the Sea of Tranquillity lava field, which erupted in a series of volcanic episodes ~3.8 Ga. Perhaps the most significant scientific discovery of the Apollo-era missions was the discovery of small fragments of plagioclase-feldspar rich rocks classified as anorthosites (i.e. the plagioclase was predominantly anorthite, the calcium-bearing end member) within the lunar soils at this site. Although small (see box 1, "Sample-size bias: igneous vs impact?), these rocks were much older (>3.8 to ~4.5 Ga) than any of the mare basalts sampled, indicating that they must have been formed by a different petrological process. Early studies (Wood et al. 1970 ) hypothesized that such plagioclaserich rocks formed from a melt that was extracted from a primitive magma source, giving rise to the lunar magma ocean (LMO) hypothesis. The LMO model has since become widely accepted to explain the range of crustal lithologies observed on the Moon (e.g. figure 4a ).
The lunar magma ocean
The global LMO hypothesis argues that the early Moon was a well-mixed molten body, formed at about 4.5 Ga (Wood et al. 1970) . During the solidification of this magma "ocean", mafic minerals such as magnesium-rich olivines and pyroxenes, which are typically the first minerals to crystallize in magmatic systems, sank to form the lunar mantle. Then, after more than ~75% crystallization of the LMO, aluminiumand calcium-rich minerals such as plagioclase started to crystallize from the residual melt that was enriched in iron (Snyder et al. 1992 , Elkins-Tanton et al. 2011 . Plagioclase is less dense than the residual melt and so floated upwards, agglomerating to form a primary feldspathic crust (represented schematically in figure 4a ) known as the ferroan anorthosite (FAN) rock suite.
The residual melt trapped under the plagioclase lid continued to crystallize, becoming progressively more enriched in iron, titanium and the incompatible KREEP The lunar highlands: old crust, new ideas 1.27 elements. The concentration of radioactive elements such as thorium and uranium associated with KREEP may have produced enough heat to generate new melts within the lunar mantle. These younger magmas appear to have intruded into the plagioclase-rich crust, forming "secondary" crust lithologies such as the Mg-suite (characterized by magnesium-rich minerals) and the high-alkali suite (enriched in alkali elements). These lithologies are chemically distinct from the "primary" highland FAN rocks, as shown in figure 5 ( Warner et al. 1976 , Russell et al. 2014 .
Within this model, mare basalts are thought to represent the youngest major volcanic activity on the Moon (most samples yield ages around or younger than 3.8 Ga). The chemistry of the mare basalts, especially their depletion in europium with respect to other REEs, indicates that these basalts post-date a major plagioclase flotation event (Warren 1985) . Europium is preferentially included in plagioclase as the mineral forms; during plagioclase crystallization, the residual lunar magma ocean melt becomes depleted in Eu with respect to the other REEs, as do the mare basalts later formed from these source regions.
New perspectives: lunar meteorites
Relatively little is known about the plagioclase-rich lithologies of the lunar farside (i.e. in the FHT) and polar areas, in comparison to the nearside. Remote characterization of anorthosite mineralogies has traditionally been limited, mainly because it is difficult to identify plagioclase in orbital near-infrared reflectance Stars represent locations of sample-return missions; numbers refer to Apollo landing sites and an L prefix represents Luna mission landing sites. These maps highlight with dashed outlines the three major lunar terranes identified by Jolliff et al. (2000) . The PKT is characterized by high FeO (15 to 25% by weight FeO) and high incompatible trace-element (ITE) concentrations (i.e. >4 ppm Th). The SPA is characterized by elevated FeO, between ~6 and 10% by weight, albeit to a lesser extent than the PKT, and Th at around 5 ppm. The FHT is characterized by low concentrations of these elements (<2 ppm Th and <5 wt% FeO) compared to the PKT and SPA. Panel (c) highlights the nature of the nearside ferroan anorthosites (FANs) and the Mg-rich nature of the farside magnesian anorthosites (possible MANs). The lunar meteorite sample suite currently consists of more than 200 named achondrite meteorites, which has now added ~90 kg to the 382 kg of material recovered from the Apollo missions. Geochemical and mineralogical similarities among them suggest that they came from ~84 distinct meteoroids (Korotev et al. 2003) that may have come from the same impact ejection episode, landing in different localities on Earth. At a conservative estimate, the lunar meteorite collection has added material from ≥50 lunar-source impact craters (Basilevsky et al. 2010) . Critically, some of these meteorites are thought to come from the lunar farside (e.g. CalzadaDiaz et al. 2015) and their analysis over the past decade has produced a more detailed picture of the chemical diversity of the farside highlands. In particular, it is clear that farside anorthosites are compositionally distinct from the nearside highlands sampled by Apollo. In general, they are richer in magnesium (magnesian anorthosite 
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Serial magmatism
In general, the LMO model has remained the archetype for planetary differentiation processes. However, as analytical methods have improved, reanalysis of Apollo anorthosites together with new observations from lunar meteorites have challenged the model of a single flotation event. Some radical new models have been proposed to account for the formation of a plagioclase-rich crust, such as partial melting of a wet lunar mantle followed by near-surface crystallization (O'Hara 2000) . But for the most part investigations have built upon the LMO model, retaining the idea of plagioclase flotation to form the lunar crust ( figure 4b-d) . In these models, the plagioclase flotation event took place soon (100-200 Ma) after the formation of the Moon (Taylor 1982) . Anorthosite crystallization ages have been used to test this idea.
Most studies favour using incompatibleelement radiogenic isotope chronometers such as the samarium/neodymium system, which are thought to be robust to modification by impact or shock (Gaffney et al.
2011
). However, for lunar anorthosites these measurements have been difficult to make because these elements are rare in plagioclase-rich rocks (e.g. <1 ppm Nd, Borg et al. 2015) . To date, this has resulted in very few robust crystallization ages, mostly for Apollo 16 samples, both FAN and breccias. Most FAN samples produce dates around 4.40 Ga, but there are inconsistencies. Some have yielded surprisingly young ages, such as 4.29 ± 3 Ga (Marks et al. 2014) , which overlaps ages reported for Mg-suite secondary magmatic rocks (Borg et al. 1999) . The analytical challenges, coupled with the limited sample masses, mean that reported ages need critical evaluation (Nyquist et al. 2014 , Borg et al. 2015 . For example, one sample (62236) initially yielded an apparent young age (4.29 ± 0.06 Ga, Borg et al. 1999 ) using the Sm-Nd isotopic system. However, reanalysis with the same isotopic system, found dates of 4.40 ± 0.03 Ga (Boyet et al. 2015) , consistent with other FAN ages reported.
Such inconsistencies have fuelled much of the debate surrounding the timing of FAN crust formation. Taken at face value, the range of crystallization ages reported supports models of serial plagioclase flotation events or intrusions (figure 4b, Jolliff & Haskin 1995, Longhi 2003).
These sort of serial flotation models were first proposed from phase equilibria relationships, arguing that melt diapirs from the depths of the crust or magma ocean migrated upwards and intruded into a preexisting crust (Jolliff & Haskin 1995 , Longhi 2003 . Within this model each diapir is expected to have a different age and unique chemistry, because each crystallized from a unique parcel of melt. Indeed, clasts of anorthositic material found in lunar meteorites have been reported to display a wide range of ITE abundances, lying on distinct trends with respect to the FANs (figure 5b). Although it is unclear whether such small sample sizes record original chemical records (see box 1), the trends suggest that the anorthosites in lunar meteorites crystallized from a range of compositionally distinct melts, further supporting a serial magmatism model (Gross et al. 2014 ).
Expanding the current dataset of crystallization ages (particularly beyond the Apollo 16 samples), will help to resolve the timing of plagioclase flotation, assessing if the serial flotation model is valid.
Asymmetrical crustal flotation
Despite the large range of chemistries within individual lunar meteorites (figure 5a), remote-sensing data indicate that average lunar farside anorthosites are richer in magnesium than nearside FANs ( figure  3c) (Cahill et al. 2004 , Gross et al. 2014 , the identification of MANs sensu stricto has been controversial in some cases, such as in lunar meteorite Dhofar 489 (Takeda et al. 2006) . Remote-sensing missions have indicated that such lithologies are present at the lunar surface ( figure 3c, d ), but within meteorites they can often be seen to be very small components (3.0 × 1.3 mm for Dhofar 489), which complicates interpretation (see box 1). Direct sampling of the lunar highland crust through targeted landers or sample-return missions, in addition to ascertaining the radiometric ages of different areas of the FHT and surrounding polar regions, will ultimately be required to test the compositional dichotomy between nearside-farside highlands crust.
Impact modification of the crust
Perhaps one of the largest unknown factors regarding lunar farside lithologies is the role of large impacts, forming craters >300 km across, in modifying the primary crust. Some workers have suggested that the thicker farside FHT reflects the asymmetric deposition of ejecta after the impact that formed the SPA basin (Arai et al. 2008) . If such an impact was able to excavate both crustal and Mg-rich mantle material (e.g. Potter et al. 2012) , then the resulting ejecta on the highland crust may mask ferroan signatures from remote-sensing observations, potentially accounting for a range of mineral compositions (MAN and FAN-like Lunar anorthosites sampled by the Apollo and Luna missions commonly occur as either hand specimen sized chunks of rock several centimetres across, or small pieces less than a centimetre in size set within complex breccias that derive from the original bedrock. These anorthosites are traditionally thought to have formed directly from a magmatic source and are considered to be primary igneous rocks, the result of lunar magma ocean crystallization.
To date, no bedrock source of highland rocks has been directly sampled. This is a result of many large impact events mixing crustal materials together over geological history, a process known as impact gardening.
Primary vs secondary
These small samples make the identification of pristine lithologies a key problem in lunar highland geology. Specifically, before placing samples within crustal formation models it is important to identify how they may have been modified by impact gardening, assessing if they could have been formed by secondary processes such impact-induced melting, which acts to mix impactor rocks with surface lithologies. Warren & Wasson (1977) and Warren (1993) devised a set of rules to identify pristine igneous rocks, distinguishing them from rocks modified by secondary processes (i.e. crystalline impact melt and impact melt breccias). These criteria consist of both chemical and textural observations. Criteria include, firstly, low siderophile element abundance (e.g. Au, Os, Ir, Ni, Re); siderophile elements (which tend to concentrate in metallic iron), are commonly added to the lunar regolith by melt-rich projectiles such chondrites. Secondly, coarse-grained (>3 mm crystal) cumulate textures ( figure 1a) . Thirdly, uniform mineral compositions, which typically reflect the slow cooling of a magma. These criteria have generally been accepted as the minimum threshold to identify samples as pristine rocks rather than rocks formed by an impact. Applying these criteria has limited the number of pristine Apollo highland rocks to ~100 samples that can be used to investigate crustal formation (Warren 1993).
Mixed messages
The lunar meteorites have added a new level of complexity to this issue. They provide samples of lunar crust from highland regions remote from the Apollo landing sites. However, no meteorite sample comes directly from a single highland igneous lithology. Furthermore, all the highlands material occurs as small clasts (ranging from <1 cm in size to a few mineral grains) within complex breccia samples. In these cases, we are forced to work with the material we have in hand, even if it does not conform to the rules for a pristine sample.
The question of how reliable such small clasts are for providing chemical, isotopic and chronological insights to the geological history of the lunar highlands is critical when investigating lunar meteorites. In an attempt to quantify how representative the modal mineralogy of the smallest lunar meteorite clasts are when defining lithological parent rock type, Warren (2012) applied binomial statistics to hypothetical clasts. This study showed that at least 10 separate mineral grains within a clast were required to reliably distinguish between an observation of an "anorthosite" with more than 90% modal plagioclase and a "true" mode of 40% modal plagioclase within the parent rock of the clast.
In order to circumvent issues related to such small sample sizes, recent work has highlighted the powerful role that the ITEs in individual minerals may play in identifying lithologies (Cahill et al. 2004 , Joy 2013 , Russell et al. 2014 . The ITEs are generally thought to be resistant to impact-shock, and thus may be able to identify the lithology of small clasts/mineral fragments, regardless of the size of the material analysed. (Gross et al. 2014 ).
THE MOON
An alternative model to account for the differences in crustal thickness is that a large impact on the lunar nearside, such as that forming the controversial gargantuan Procellarum basin (Whitaker 1981) may have thinned the nearside with respect to the farside (Byrne 2007 , Nakamura et al. 2012 . Any resulting "magma seas" from such large impacts may differentiate (Wetherill 1976) , resulting in the localized sinking of early-forming olivines and pyroxenes followed by plagioclase flotation (figure 4d; Andres-Hanna & Stewart 2011 , Namur et al. 2011 . On the farside, in the absence of widespread mare volcanism, subsequent impact gardening may have acted to blend in large melt sheets with the surrounding crust, effectively masking impact sites to remotesensing observations. These rocks may also display coarse-grain cumulate textures; it has been argued that such impact-derived plagioclase-rich rocks may plausibly pass for pristine igneous rocks in hand-specimen sizes using the criteria described in box 1 (Basilevsky & Neukum 2010) . Indeed, siderophile elements -classic indicators of impact -are likely to partition into earlycrystallizing accessory phases (such as sulphides, chromites and native iron) associated with olivine and pyroxene crystallization. This could result in siderophile-poor, plagioclase-rich lithologies. Consequently, this model may account for the younger ages recorded in some Apollo 16 anorthosites thought to be "pristine" (Vaughan et al. 2013) .
Understanding the modifying role large impacts have on the primary crust will be critical in placing the lunar meteorites, and the clasts identified within them, into their proper geological context (e.g. Vaughan et al. 2013 , Hurwitz & Kring 2014 . In particular, by constraining the lunar crustal stratigraphy on a local scale (<100 km) through geophysical mission and/or deep drilling will help significantly in assessing the role large impacts play in modifying the crust.
Future perspectives
Lunar crustal formation models have come a long way since the successful return of samples by Apollo 11. After the Apollo and Luna missions, lunar meteorites and remote-sensing missions have been instrumental in developing our understanding of the ancient lunar crust. However, reinvestigations of the Apollo collection continues to shed important new light on geological processes, reflecting the fact that there are still many outstanding questions for lunar geoscience. For instance, reconciling and assessing the extent of apparent compositional differences between near and farside anorthosites remains an active point of debate. Ultimately, the current lack of absolute geographical context for the lunar meteorites will inhibit geological interpretations. The strategic targeting of sample suites through sample-return missions or rover-based missions will be important, providing such required context. The Moon is one of the two highest priority destinations for sample-return missions (NRC 2011). Meanwhile, reinvestigations of Apollo samples and investigation on the evergrowing lunar meteorites collection will continue to be invaluable, particularly as analytical methods continue to improve.
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